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designed for use as a confirmatory test, displaying a high diagnostic specificity, and cultural examination for B.
hyodysenteriae. This estimation was conducted based on results of 239 samples from 103 herds originating from routine
diagnostic sampling. Using Bayesian latent class modelling comprising of a hierarchical beta-binomial approach (which
allowed prevalence across individual herds to vary as herd level random effect), robust estimates for the sensitivities of PCR
and culture, as well as for the specificity of PCR, were obtained. The estimated diagnostic sensitivity of PCR (95% CI) and
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Introduction
Currently used diagnostic tests for Brachyspira
hyodysenteriae
Swine dysentery (SD) is caused by infection with the bacterium
Brachyspira hyodysenteriae and imposes major economic losses on
intensive pig production systems worldwide [1]. The affected
animals, usually growing or finishing pigs, show non-specific
clinical symptoms, such as diarrhoea, reduced growth and
decreased food conversion which precludes a diagnosis based
solely on pathognomonic signs. More specific signs, i.e. large
amounts of mucus and often flecks of blood in the faeces, can
become visible during the course of the disease, but this is not
guaranteed. Finally, sub-clinical disease can occur. The accurate
diagnosis of sub-clinical, as well as clinical disease, is a prerequisite
for providing efficient treatment procedures, and to support
prevention programmes in the field.
Animals in intensive pig production systems are reared in
distinct population groups, i.e. herds or farms, and within each
group may share multiple genetic and immunologic characteris-
tics. Animals, therefore, from the same population group will likely
be more similar to each other than to animals from other groups.
In epidemiological terms this may result in over-dispersion, that is,
the level of variation in disease prevalence (say) across multiple
population groups (e.g. multiple herds or farms) may be far in
excess of that allowed by commonly used statistical methods for
estimating diagnostic accuracy. Failure to account for such
population clustering may lead to highly unreliable results.
Moreover, such adjustment for excess variation is common place
in other types of epidemiological analyses, e.g. risk factor studies,
but as yet rare in diagnostic test evaluation despite identical issues
being present.
The development of methods for dealing with the complexity of
population structures found in food animal production, such as
clustered or hierarchical data, has been described as the single
most important advancement [2] for animal health researchers.
To ensure success, animal disease prevention programs, typically
organized at a national level, need to consider the inherent
complexity of the population structure, rather than simply treating
the population as an assemblage of individual and unrelated or
independent animals. With regard to data from diagnostic test
studies, this also holds true for laboratories which receive samples
for large-scale testing from national animal populations. The
necessity to consider variation of test accuracies at farm level,
where test errors might be clustered, has been stated by Donald
and co-workers [3], [4]. The ultimate diagnosis of SD should be
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based on the isolation of the causative agent, but this procedure is
extremely laborious, time-consuming and expensive, as the
bacteria are fastidious and grow slowly. Another disadvantage of
isolation is the fact that both confirmation and differentiation
between B. hyodysenteriae, and other less- or non-pathogenic
Brachyspira spp., are dependent upon colony morphology, pattern
and intensity of haemolysis and other growth characteristics,
which might be very similar among different subspecies [5].
Finally, isolation often fails to recover organisms when infected
pigs have been submitted to antimicrobial therapy prior to
sampling. This inevitably leads to a decreased diagnostic sensitivity
of cultural isolation, and as such, cultural isolation cannot be
assumed to be a perfect gold standard for diagnostic test evaluation
studies.
Polymerase chain reaction (PCR) is increasingly used for
diagnostic purposes, and produces more specific and sensitive
results in the detection of B. hyodysenteriae when compared with
other diagnostic methods [6], [7]. Others found PCR for B.
hyodysenteriae being less sensitive than culture [8], underlining that
none of these tests perform as a perfect gold standard, that is,
completely error-free (display 100% diagnostic sensitivity and
specificity). A number of false negative test results due to a less
than perfect sensitivity, and thus falsely classified animals may
contribute to the spread of a contagious agent. False positive test
results may lead to welfare and ethical issues if healthy animals are
subsequently culled. Reliable information about test accuracies,
including information about how well a diagnostic test performs in
a defined animal population, is crucial for efficient prevention and
control programs.
Generally speaking, for diagnostic test evaluation, the difficulty
of obtaining robust estimates for diagnostic sensitivity and
specificity by comparing a new diagnostic test with an established
standard test, which presumably is not a perfect gold standard, is
due to the uncertainty associated with results from the standard
test. If for example a highly sensitive PCR is compared with
culture as a standard test, which might be highly specific but less
sensitive, a number of samples might be correctly classified as
being positive by the PCR, but – due to a lower sensitivity – be
falsely classified as negative by culture. In this case, if the
diagnostic specificity of the PCR is derived by determining the
quotient of PCR negative test results divided by the number of
culture negative results, then the diagnostic specificity of the PCR
might be biased, being too low.
Using latent class models to estimate test accuracies
Statistical methods have been developed to deal with situations
of test evaluation where no gold standard test is readily available.
Seminal work was done by Hui and Walter – [9] after whom the
Hui-Walter paradigm was named (reviewed by [10] and [11] with
regard to the underlying assumptions with regard to the
characteristics of diagnostic test data). The term ‘‘latent’’ here
refers to the fact that the dichotomized test results contain, only
latently, statistical information about the parameters of interest i.e.
sensitivities, specificities, and prevalences. These parameters are
not directly observed but can be extracted from the data via an
appropriate statistical model. There are many extensions to the
original Hui-Walter paradigm. Most notably, models for the
inclusion of conditional dependencies between diagnostic test
accuracies have been developed [12–18]. Furthermore, latent class
models are now recommended in the Standard Operating
Procedures (SOP) of the OIE for validation and certification of
diagnostic assays [19].
The key caveat in using latent class or variable models is that the
parameter estimates obtained will be, to a greater or lesser extent,
dependent upon the model used to extract the latent information
from the observed data. Hence, particular attention must be paid
when selecting an appropriate model formulation – one that best
matches the type and structure of the study data. In respect of food
animal production the complexity of the population structure from
which study data is sampled is obviously of major importance. To
date in veterinary medicine, diagnostic test accuracy studies rarely
perform data analysis with regard to potential clustering, with only
a few but notable exceptions [20–23].
The aim of the present study was to estimate test accuracies of a
PCR and cultural testing for B. hyodysenteriae on 239 samples from
103 herds originating from routine diagnostic sampling at a
laboratory in Bakum, Germany. Given the number of different
population groups included in the study data the resulting
accuracy estimates could then be considered as broadly applicable
to the national swine population. The PCR has been designed to
be used as a confirmatory test displaying a high diagnostic
specificity.
Material and Methods
Samples
Faecal samples (n = 239) originating from 103 herds that had
been submitted to the Field Station for Epidemiology in Bakum for
the purpose of routine diagnostics due to diarrhoea in pigs were
included in this study. These samples arrived in the laboratory
during 2007 and 2011, and they were all examined for B.
hyodysenteriae by both, PCR and cultural testing.
Upon arrival in the laboratory faecal samples were carefully
homogenized and each time one aliquot of 200 mg was
transferred to a microtube for storage at 220uC. From the
remaining faeces a swab was obtained, transferred into a container
with transport medium and subsequently shipped to the Institute
of Bacteriology, University of Veterinary Medicine Hannover for
cultural testing.
PCR was exactly performed as previously described [24]. This
PCR had been designed to be used as a confirmatory test
displaying a high diagnostic specificity in detecting B. hyodysenteriae,
B. pilosicoli and/or Lawsonia intracellularis. For cultural isolation
swabs were streaked on Columbia blood agar plates (Oxoid,
Germany) and on TSA-plates (Trypticase Soy Agar) containing
0.1% yeast extract, 6 mg/ml vancomycin, 6.25 mg/ml colistin,
12.5 mg/ml rifampicin, 15.25 mg/ml spiramycin, 200 mg/ml spec-
tinomycin, and 5% bovine blood. These were incubated
anaerobically (AnaeroJar with AnaeroGen, Oxoid) at 42uC for
six consecutive days. Suspected growth of Brachyspira spp. was
confirmed and species were identified using nox-RFLP as
described previously [25].
The raw data of the 239 faecal samples tested in parallel by
PCR and culture are shown in table 1.
Statistical analysis
A Bayesian latent class analysis was performed to obtain robust
estimates for test accuracies of PCR and culture. It was assumed,
as is standard practice, that sensitivities and specificities of the tests
are constant across all animals. With the exception of culture,
where the specificity was set to 1, uninformative (‘‘flat’’) prior
distributions on key model parameters were utilized (prior beta
distribution (1,1) for the sensitivities of PCR and culture, for the
specificity of PCR, and prior uniform distribution (20.01,0.01) for
conditional test dependence between the two sensitivities). A
sensitivity analysis for three different beta priors was conducted
utilising Betabuster (http://www.epi.ucdavis.edu/diagnostictests/
betabuster.html) to define the two shape parameters. The priors
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have been chosen as input information ‘‘to be 95% sure that the
parameter of interest is greater than 0.3, 0.4 and 0.5 and the mode
is at 0.6, 0.75 and 0.95’’ respectively. The model parameters were
estimated using a hierarchical beta-binomial approach which
allowed the prevalences for individual population groups (farms) to
vary as a farm level random effect. In other words, we allow
different farms to have potentially very different prevalences
subject to the condition that the overall distribution of farms
prevalences should follow a beta probability distribution (which is
very flexible in terms of shape). Gamma distributed priors of (5,
0.01) were used to model the shape parameters of this beta
distribution (describing the population level prevalence – i.e. the
distribution of within farm prevalences across all farms). Three
different gamma priors were tested in a sensitivity analysis.
The effect of conditional dependency between test results,
specifically two-way covariance between test sensitivities, was
assessed by formal model selection using DIC (deviance informa-
tion criterion) as the goodness-of-fit criterion, with lower values
indicating a better model fit [26]. All models were fitted using
Markov chain Monte Carlo estimation through JAGS software
(Just Another Gibbs Sampler) (http://mcmc-jags.sourceforge.net/)
version 3.3.0. Good standard practice was followed doing MCMC
running four chains independently for 500,000 iterations after a
burn-in of 25,000 iterations, and thinning of (10), thus resulting
10,000 values to derive the posterior means. Code for the final
model is presented in code S1. The output was analysed with the
package coda [27] within the software R (http://www.r-project.
org/) version 2.15.2. Gelman-Rubin statistics was used to assess
mixing [28].
Results
Two latent class models, one with and one without a covariance
term have been tested to obtain estimates for the parameters of
interest. Based on DIC as a decision criterion (without test
sensitivity covariance: 453.6 and with tests sensitivity covariance:
454.3), the model without any covariance structure between tests
was chosen due to the principle of parsimony. Additionally, the
inclusion of the covariance yielded similar values for the
parameters of interest. Posterior means and corresponding 95%
credibility intervals for all parameters of interest are shown in
table 2. Posterior estimates for the sensitivity of the PCR and
culture, and the specificity, are shown in figures 1 and 2. Four
chains were run from different starting points (figures S1–S3), and
after burn-in converged to a common distribution. Additionally,
convergence was also confirmed by the Gelman-Rubin statistics.
Utilising an uninformative beta prior for the specificity of culture
instead of fixing it –based on expert opinion equal to 1- led to
virtually unchanged estimates for the sensitivity of culture and the
specificity of PCR, but to an increased sensitivity of PCR of 83%
with a wider 95% CI (67.2,98.7). The estimate of the specificity
culture was 94.6% with a 95% CI (90.9,99.7). A sensitivity analysis
of different beta priors is presented in table S1 indicating a minor
influence of the different beta priors compared to non-informative
priors. A sensitivity analysis for the gamma priors modelling the
shape parameters suggested that the model would not converge
(MCMC sampler failure) with wider priors e.g. (0.01,0.01) or
(0.0001,0.0001), but did so with (0.5,0.0005) (results are present in
table S2).
Discussion/Conclusions
By applying a Bayesian latent class approach to data from large-
scale routine laboratory testing, robust estimates for diagnostic test
accuracies were obtained. The benefit of the random effects model
becomes evident when un-informative priors for the sensitivities
and specificities of PCR and culture are considered. In the case of
a classical Hui-Walter model Bayesian inferences based on a single
population with two tests will be imprecise e.g. a non-identifiable
situation [10]. A reason for the sampler failing in the sensitivity
analysis of the gamma priors is potentially explained by the
variable number of samples tested per herd (a small number of
herds had very few animals).
As – strictly speaking – diagnostic test accuracies are population
dependent characteristics [29] (as opposed to some fixed intrinsic
value related only to the diagnostic test being used), there is a need
to evaluate diagnostics tests in the population of interest. The Field
Station for Epidemiology in Bakum receives samples from a
significant number of swine herds in North-West Germany, thus
representing the population in the centre of the German pig
industry. The obtained estimates are not necessarily directly
applicable to another population e.g. a surveillance program
aiming at identifying subclinical cases shedding presumably low
levels of spirochetes or to a population consisting only of severe
clinical cases of SD.
This approach allowed estimation of the specificity of the PCR
without the need for a gold standard reference test, which is not
available for B. hyodysenteriae. The reasonably good sensitivity and
high specificity of the PCR compared to cultural testing, together
with financial advantages makes the PCR a valuable diagnostic
tool in which large numbers of samples can be tested for B.
hyodysenteriae. From the perspective of a routine laboratory, the
greatest advantage of the PCR is to enable the rapid implemen-
tation of therapeutic measures and preventive programmes in pig
farms intended to control SD. Using standard isolation methods,
the detection of B. hyodysenteriae usually requires 5–7 days.
Conversely, PCR results can be provided in 2 days at the longest.
Beside this advantage for PCR, this method is lacking the
possibility to detect novel pathogenic spirochetes such as those
recently identified in North America associated with SD [30]. In
case of suspicion of e.g. weakly beta hemolytic Brachyspira spp.
culture could be the method of choice.
The main novelty of the Bayesian latent class approach utilized
here lies in its use of random effects to model the complex
population structure of food animals, i.e. by allowing different
farms to have very different prevalences (resulting from within
farm clustering of disease). This is practically important, as without
such flexibility the results of any analyses (i.e. estimates of
sensitivity and specificities) are likely to be highly misleading.
In risk factor studies, accounting for clustering is considered
good, indeed arguably essential, statistical practice. Diagnostic test
evaluation studies, for tests applied at a regional or national level,
have identical issues which should be accounted for given the
complexities of population structure in food animal production.
Table 1. Dichotomized diagnostic test results of 239 porcine
faecal samples tested in parallel by culture and PCR for
Brachyspira hyodysenteriae.
Culture
+ 2
PCR + 52 18
2 11 158
doi:10.1371/journal.pone.0098534.t001
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Figure 1. Diagnostic sensitivities of bacteriology and PCR. Diagnostic sensitivities culture and PCR for detection of Brachyspira hyodysenteriae
infection in pigs, estimated by latent class analysis. Results are given in the form of posterior density distributions, and show that culture has a higher
sensitivity than PCR (red =PCR, black = bacteriology).
doi:10.1371/journal.pone.0098534.g001
Figure 2. Diagnostic specificity of PCR. Diagnostic specificity of PCR for detection of Brachyspira hyodysenteriae infection in pigs, estimated by
latent class analysis. Results are given in the form of a posterior density distribution.
doi:10.1371/journal.pone.0098534.g002
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Bayesian latent class approaches can be readily utilized for this
purpose.
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Figure S1 Four simulated chains for the sensitivity of
PCR. To ensure numerical robustness of the estimated diagnostic
sensitivity of PCR, multiple simulations were performed using a
Bayesian latent class model. The posterior density estimates of the
diagnostic sensitivities were compared across all four simulations to
check that the results were similar. It can be seen that the curves
(densities) are almost identical, therefore providing strong
confidence in the results.
(TIFF)
Figure S2 Four simulated chains for the sensitivity of
culture. To ensure numerical robustness of the estimated
diagnostic sensitivity of culture, multiple simulations were
performed using a Bayesian latent class model. The posterior
density estimates of the diagnostic sensitivities were compared
across all four simulations to check that the results were similar. It
can be seen that the curves (densities) are almost identical,
therefore providing strong confidence in the results.
(TIFF)
Figure S3 Four simulated chains for the specificity of
PCR. To ensure numerical robustness of the estimated diagnostic
specificity of PCR, multiple simulations were performed using a
Bayesian latent class model. The posterior density estimates of the
diagnostic sensitivities were compared across all four simulations to
check that the results were similar. It can be seen that the curves
(densities) are almost identical, therefore providing strong
confidence in the results.
(TIFF)
Table S1 Sensitivity analysis for different beta priors
for test accuracies.
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Table S2 Sensitivity analysis with different priors for
the gamma priors.
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(DOCX)
Acknowledgments
We are thankful to Mechthild Busemann, Mechthild Sieve and Regina
Tegeler from the Field Station for Epidemiology for technical assistance
and assistance with microbiological procedures, respectively.
Author Contributions
Conceived and designed the experiments: EGB HN CN. Analyzed the
data: SH FL. Wrote the paper: SH FL CN HN.
References
1. Alvarez-Ordonez A, Martinez-Lobo FJ, Arguello H, Carvajal A, Rubio P (2013)
Swine Dysentery: Aetiology, Pathogenicity, Determinants of Transmission and
the Fight against the Disease. Int J Environ Res Public Health 10, 1927–1947.
2. Dohoo IR (2008) Quantitative epidemiology: Progress and challenges. Prev Vet
Med 86: 260–269.
3. Greiner M, Gardner IA (2000) Epidemiologic issues in the validation of
veterinary diagnostic tests. Prev Vet Med 45: 3–22.
4. Donald AW, Gardner IA, Wiggins AD (1994) Cut-off points for aggregate herd
testing in the presence of disease clustering and correlation of test errors. Prev
Vet Med 19: 167–187.
5. Elder RO, Duhamel GE, Schafer RW, Mathiesen MR, Ramanathan M (1994)
Rapid Detection of Serpulina hyodysenteriae in diagnostic specimens by PCR.
J Clin Microbiol 32: 1497–1502.
6. La T, Phillips ND, Hampson DJ (2003) Development of a duplex PCR assay for
detection of Brachyspira hyodysenteriae and Brachyspira pilosicoli in pig feces.
J Clin Microbiol 41: 3372–3375.
7. Willems H, Reiner G (2010) A multiplex real-time PCR for the simultaneous
detection and quantitation of Brachyspira hyodysenteriae, Brachyspira pilosicoli
and Lawsonia intracellularis in pig faeces. Berl Munch Tierarztl Wochenschr
123: 205–209.
8. Rasback T, Fellstrom C, Gunnarsson A, Aspan A (2006) Comparison of culture
and biochemical tests with PCR for detection of Brachyspira hyodysenteriae and
Brachyspira pilosicoli. J Microbiol Methods 66: 347–353.
9. Hui SL, Walter SD (1980) Estimating the error rates of diagnostic tests.
Biometrics 36: 167–171.
10. Johnson WO, Gastwirth JL, Pearson LM (2001) Screening without a ‘‘Gold
Standard’’: The Hui-Walter paradigm revisited. Am J Epidemiol 153: 921–924.
11. Toft N, Jorgensen E, Hojsgaard S (2005) Diagnosing diagnostic tests: evaluating
the assumptions underlying the estimation of sensitivity and specificity in the
absence of a gold standard. Prev Vet Med 68: 19–33.
12. Vacek PM (1985) The effect of conditional dependence on the evaluation of
diagnostic-tests. Biometrics 41: 959–968.
13. Gardner IA, Stryhn H, Lind P, Collins MT (2000) Conditional dependence
between tests affects the diagnosis and surveillance of animal diseases. Prev Vet
Med 45: 107–122.
14. Berkvens D, Speybroeck N, Praet N, Adel A, Lesaffre E (2006) Estimating
disease prevalence in a Bayesian framework using probabilistic constraints.
Epidemiology 17: 145–153.
15. Branscum AJ, Gardner IA, Johnson WO (2004) Bayesian modeling of animal-
and herd-level prevalences. Prev Vet Med 66: 101–112.
16. Branscum AJ, Gardner IA, Johnson WO (2005) Estimation of diagnostic-test
sensitivity and specificity through Bayesian modeling. Prev Vet Med 68: 145–
163.
17. Enoe C, Georgiadis MP, Johnson WO (2000) Estimation of sensitivity and
specificity of diagnostic tests and disease prevalence when the true disease state is
unknown. Prev Vet Med 45: 61–81.
18. Georgiadis MP, Johnson WO, Gardner IA, Singh R (2003) Correlation-adjusted
estimation of sensitivity and specificity of two diagnostic tests. J R Stat Soc
Ser C Appl Stat 52: 63–76.
19. OIE (2009) Standard operating procedure (SOP) for validation and certification
of diagnostic assays. Available: http://web.oie.int/VCDA/eng/en_fichier_
SOP.pdf. Accessed 10. January 2014
Table 2. Estimates (posterior means) of diagnostic test accuracies for the diagnosis of Brachyspira hyodysenteriae by culture and
PCR and their corresponding 95% credibility intervals resulting from a Bayesian latent class model.
Culture PCR
Sensitivity Specificity Sensitivity Specificity
(95% CI) (95% CI) (95% CI)
88.6 1* 73.2 96.2
(74.9;99.3) (62.3;82.9) (90.9;99.8)
*Specificity of culture was fixed to 1.
doi:10.1371/journal.pone.0098534.t002
Estimating Diagnostic Accuracies for B. hyodysenteriae
PLOS ONE | www.plosone.org 5 June 2014 | Volume 9 | Issue 6 | e98534
20. Suess EA, Gardner IA, Johnson WO (2002) Hierarchical Bayesian model for
prevalence inferences and determination of a country’s status for an animal
pathogen. Prev Vet Med 55: 155–171.
21. Hanson T, Johnson WO, Gardner IA (2003) Hierarchical models for estimating
herd prevalence and test accuracy in the absence of a gold standard. Journal of
Agricultural, Biological, and Environmental Statistics 8: 223–239.
22. Lewis FI, Brulisauer F, Cousens C, McKendrick IJ, Gunn GJ (2011) Diagnostic
accuracy of PCR for Jaagsiekte sheep retrovirus using field data from 125
Scottish sheep flocks. Vet J 187: 104–108.
23. Lewis FI, Torgerson PR (2012) A tutorial in estimating the prevalence of disease
in humans and animals in the absence of a gold standard diagnostic. Emerg
Themes Epidemiol 9: 9.
24. Nathues H, Oliveira CJB, Wurm M, Grosse Beilage E, Givisiez PEN (2007)
Simultaneous detection of Brachyspira hyodysenteriae, Brachyspira pilosicoli
and Lawsonia intracellularis in porcine faeces and tissue samples by multiplex-
PCR J Vet Med A Physiol Pathol Clin Med 54: 532–538.
25. Rohde J, Rothkamp A, Gerlach GF (2002) Differentiation of porcine
Brachyspira species by a novel nox PCR-based restriction fragment length
polymorphism analysis. J Clin Microbiol 40: 2598–2600.
26. Spiegelhalter DJ, Best NG, Carlin BR, van der Linde A (2002) Bayesian
measures of model complexity and fit. J R Stat Soc Ser B Stat Methodol 64:
583–616.
27. Plummer M, Best N, Cowles KVK (2006) CODA: Convergence Diagnosis and
Output Analysis for MCMC. R news 6: 7–11.
28. Gelman A, Rubin D (1992) Inference from Iterative Simulation using Multiple
Sequences. Stat Sci 7: 457–511.
29. Sackett DL, Haynes RB (2002) Evidence base of clinical diagnosis - The
architecture of diagnostic research. BMJ 324: 539–541.
30. Burrough ER, Strait EL, Kinyon JM, Bower LP, Madson DM, et al. (2012)
Comparative virulence of clinical Brachyspira spp. isolates in inoculated pigs.
J Vet Diagn Invest 24: 1927–1947.
Estimating Diagnostic Accuracies for B. hyodysenteriae
PLOS ONE | www.plosone.org 6 June 2014 | Volume 9 | Issue 6 | e98534
